ABSTRACT Summary: Con-Struct Map is a graphical tool for the comparative study of protein structures. The tool detects potential conserved residue contacts shared by multiple protein structures by superimposing their contact maps according to a multiple structure alignment. In general, Con-Struct Map allows the study of structural changes resulting from, for example, sequence substitutions, or alternatively, the study of conserved components of a structure framework across structurally aligned proteins. Specific applications include the study of sequence-structure relationship in distantly related proteins and the comparisons of wild type and mutated proteins.
INTRODUCTION
An increasing number of protein structures are being determined by structural genomics (Burley, et al., 1999) and traditional structural biology. Structure alignments allow direct comparison of protein structures in 3D space and provide a way to extract comparative information embedded in these structures. For example, structure alignments may provide some functional information for a protein with unknown function by aligning this protein against another protein with similar fold and known function. In addition, structure alignment may reveal the relationship of distantly related proteins, which is not available from the analysis of protein sequences. These alignments provide remote sequence relationships used in profiles and hidden Markov models (Kelley, et al., 2000; Scheeff and Bourne, 2006) .
We have developed a graphical tool, Con-Struct Map, for the comparative study and visualization of multiple protein structures. Con-Struct Map detects residue contacts shared (or not shared) by multiple structures in an alignment. By exploring these conserved contacts, important features of a shared structural framework are revealed as details between sequence substitutions and structural conservation.
THE CON-STRUCT MAP
The software first generates the contact map of each of the structures and then superimposes these contact maps according to * To whom correspondence should be addressed. E-mail: pbourne@ucsd.edu, Phone: (858) Fax: (858) 822-0873. their multiple structure alignment. A protein contact map is a twodimensional matrix representing the distance between any two residues in a protein tertiary structure. Two residues are said to form a potential contact if the distance between them, as defined by C-alpha and C-beta of the respective residues, is within a certain distance cut-off. Through the direct comparison of protein contact maps, Con-Struct Map is able to extract information of structural conservation from aligned protein structures.
The structure alignment software used by Con-Struct Map is the CE-MC program (Guda, et al., 2004) . CE-MC automatically aligns multiple protein structures using the Combinatorial Extension algorithm (Shindyalov and Bourne, 1998) and Monte Carlo optimization (Guda, et al., 2001 ). Con-Struct Map also allows users to provide their own alignments generated from other software or databases. The alignment file has to be converted to Joy input format . For example, one can use manually curated multiple structural alignments (e.g., HOMSTRAD ) or use sequence-independent multiple structural alignments (e.g. MUSTA (Leibowitz, et al., 2001 )) for disconnected protein chains. Pair-wise structure alignments can be input to software if users only want to study two structures.
Supplementary Figure 1 illustrates the Con-Struct Map output for 9 non-redundant serine-threonine protein kinases with sequence identity less than 40%. The left panel presents the superimposed contact maps of these structures. The x and y bars show the sequence number and secondary structures (red: helix, blue: strand, gray: coils and others) for the user selected reference structure (in this case, protein kinase A (PKA), PDB id: 1CDK:A). Within the contact map, a colored cell located at position (i, j) represents the degree of conserved contact between residues at position i and j. Different colors represent the degree of conservation (as shown in the window at center right). For example, the red cells represent the most conserved contacts shared by all of these protein kinases. The pink cells represent the contacts shared by 8 out of the 9 protein kinases,etc.
The Con-Struct Map Web interface allows the user to select the criteria that define a contact. That is, the type of atoms making the contact (C-alpha, C-beta) and the distance cut-off between these atoms. In Supplementary Figure 1 , two residues are said to form a potential contact if the distance between their C-beta atoms is 8 Angstroms or less. When the user clicks a contact shown on the left panel, all of the corresponding residues across the aligned structures will be shown in the middle of the right panel. The upper part of the right panel gives a close-up view of this contact and other neighborhood contacts. Con-Struct Map also allows the user to further visualize a specific contact on any of these aligned structures. The upper part of the right panel can be switched to display the 3D structure by selecting the 3D viewer option at the top of this panel. The user can click a cell and choose one of the aligned
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protein structures as a template. The 3D Viewer will map this contact on the selected template structure.
The Con-Struct Map results allow rapid discovery of essential interactions in a protein family (present in all structures). It also allows the discovery of differences between structural subsets (these will be contacts present in some structures, but not all). In the example of the protein kinases, Con-Struct Map detects a variety of key shared interactions that have been previously described in both the protein kinase family and its distant relatives (Kannan and Neuwald, 2005; Kornev, et al., 2006; Scheeff and Bourne, 2005) . Here, we use the example of the interactions of PHE 185 of protein kinas A (Bossemeyer, et al., 1993) , a residue essential for regulation of activity in the family, which is part of the distinctive DFG motif. Con-Struct Map detects two universal (and non-chain contiguous) interactions of PHE 185 within the structure set, to LEU 95 and TYR 164 (Supplementary Figure 1) . Both are part of a proposed hydrophobic "spine" essential for stabilizing protein kinases (Kornev, et al., 2006) . Con-Struct Map also detects several interactions of PHE 185 conserved in only some of the structures, one of which is with GLU 91. GLU 91 forms an ion pair with LYS 72 in the active site, stabilizing it for interaction with ATP. The right panel of the Con-Struct Map output lists all the residues corresponding to the contact between PHE 185 and GLU 91 of protein kinase A (PKA, PDB code: 1CDK). Two kinases lack this contact, and these structures have a missing @ symbol in the list (Supplementary Figure 1) . The interacting residues in PKA may be compared to those in cyclin dependent kinase 2 (CDK2, PDB ID: 1B38:A) (Brown, et al., 1999) , which lacks this contact, by selecting these structures as the template and clicking 3D Viewer.
Comparison of the output reveals that in the CDK2 structure, the residue corresponding to GLU 91 has been rotated out of the active site. This conformational shift is one way in which protein kinases may be switched to an inactive state (Huse and Kuriyan, 2002) . Thus, Con-Struct Map rapidly enables the detection of key structural shifts relevant to protein function.
Con-Struct Map has been used to study the structural impact of point-mutations by comparing the sequence and structure of wild type and mutated proteins (Krebs and Bourne, 2004) . It also has the potential to be used in the study of protein-protein or proteinligand interactions if the user provides the structure alignment of protein complexes.
Con-Struct Map was written in Java using the Molecular Biology Toolkit (MBT) (Moreland, et al., 2005) . MBT provides a uniform data model for the description of biological structures and thus enables fast development of applications for protein structure analysis and visualization. MBT has been used for the development of applications including the Protein Kinase Resource Viewer (Smith, et al., 1997) , ProteinWorkshop , Ligand Explorer and EpitopeViewer (Beaver, et al., 2007) .
Con-Struct Map was implemented as a Java enabled web browser application. It is launched with Java Web Start and requires that Java Runtime Environment 1.4.2 or higher be installed. All other software components are automatically downloaded, installed and kept up to date by Java Web Start.
